the electric field around the individual platelets, which results in a nonrandom arrangement of the particles in the soil. Properties at the mineral interface, together with the amount of water in the soil, control the type and strength of the association between particles. This self-arrangement is affected by chemical characteristics of the bulk solution, such as electrical conductivity (EC), type of cation, and pH.
In situations such as the reclamation of sodic soils or the use of drainage water for irrigation, the soil texture remains constant, but its chemical composition changes with time. Changes in chemical composition affect the size and stability of the aggregates and, consequently, the hydraulic properties of the soil. In order to model the chemically induced changes in hydraulic properties, we need to have an understanding of the processes involved. We also need a methodology that allows us to measure the stability of aggregates having varying chemical compositions. Traditional methodologies to quantify the aggregate stability are based on measuring the size of the aggregates after the aggregates have been separated from the soil matrix, sieved through specific size screens, and submitted to cycles of immersion in water (Kemper and Rosenau, 1986) . Unfortunately, results from laboratory experiments using disturbed soil samples overpredict the instability of the aggregates (Lebron et al., 2001 ). This overprediction is caused mainly because the natural structure of the soil, along with most of the natural aggregates, is often destroyed in the handling process. Soil aggregates are created by the combination of one or more individual particles in a larger entity. This definition implies that the term "aggregate" applies to the microscopic scale and that aggregates form the building blocks of larger, possibly macroscopically observable, structures (such as aggregates in the pedological sense). Even at the microscopic scale, however, aggregates exist in different sizes. According to Tisdall and Oades (1982) , the various aggregate fractions are formed as a result of the action of different stabilizing constituents.Aggregates smaller than 30 m would be formed by oxides and microbial and fungal debris, encrusted mostly with clays. The aggregates 30 to 60 m in size are considered to be stabilized by organic matter and inorganic minerals such as calcite. The silt-size particles and the aggregates larger than 60 m are composites of larger mineral particles such as sand-size quartz, which are usually coated with oxides and often are associated with plant residues.
TECHNICAL ARTICLES

SOIL PORE SIZE AND GEOMETRY AS A RESULT OF AGGREGATE-SIZE DISTRIBUTION AND CHEMICAL COMPOSITION
Although many experimental studies have measured changes in soil hydraulic properties with different sodium concentrations or different ionic strengths, few studies to date have measured the influence that these variables have on pore clogging, pore geometry, or pore-size distribution. There are also numerous studies about clay dispersion and soil aggregate stability in clean systems (Goldberg and Forster, 1990; Hesterberg and Page, 1990; Lebron and Suarez, 1992; Kretzschmar et al., 1993) , but there is a gap in our knowledge of how this information can be put together to describe the interaction between the aggregates and the enclosed pores. To our knowledge, there are no data on direct measurement of aggregate-size distribution in undisturbed soil samples. Image analysis and microscopic techniques are two methodologies that may help us to cover this gap.
The objectives of the present study are: (i) to measure the aggregate-and pore-size distribution of undisturbed soil using thin sections, a microscopic technique, and image analysis; and (ii) to quantify the changes in aggregate and pore characteristics with changing chemical composition.
MATERIAL AND METHODS
We collected two sets of undisturbed soil samples from two fields in Coachella Valley, California. Each of the sets consists of eight 5-cm high by 5.5-cm diameter cores. The cores were collected by hand from the top 25 cm of the soil to avoid mechanical compression. The soil classifications are: Indio very fine sandy loam (samples 1-8) and Gilman silt loam (samples 9-16). The fields were monitored and mapped in a previous survey for electrical conductivity (EC) and sodium adsorption ratio (SAR) (SARϭNa ϩ / (Ca 2ϩ ϩMg 2ϩ ) 0.5 , where the cation concentration is expressed in mmol L Ϫ1 ). A sampling scheme was established to cover a maximum range of EC and SAR. Disturbed samples were also collected from each site from which we collected the soil cores. The undisturbed cores were used to prepare the thin sections, and the disturbed samples were used to analyze for chemical composition and texture. The cation composition of the soil extracts was analyzed by inductively coupled plasma. Soil organic matter was determined by dry combustion (UIC Corp., Joliet, IL.) ‫ء‬ Particle size distribution was measured following the methodology described in Gee and Bauder (1986) .
The clay fraction (Ͻ2 m) was collected from the soil samples of each of the two soil sets. X-ray diffractograms for mineral analysis were develop using a randomly oriented powder preparation and an oriented glass slide preparation, one with the clay sample saturated with potassium and the other with magnesium in 10% glycerol and 10% humidity (Whittig and Allardice, 1986) .
Soil thin sections were prepared from the soil cores collected and observed in the scanning electron microscope (SEM). Thin sections were prepared by impregnation of the samples with epoxy EPO-TEK 301 (Epoxy Technology Inc., Billerica, MA).After hardening, a thin section 3.5 ϫ 2.5 cm was cut at the plane perpendicular to the water flow, mounted on a glass slide, and polished. The polishing process was done with a series of diamond polishers to avoid the introduction of contaminants, and in the absence of water to preserve soluble minerals. Figure 1a shows the image of a thin section; the gray gradient is produced by the electron reflection of the components of the soil and is proportional to the atomic 166 LEBRON, SUAREZ, AND SCHAAP SOIL SCIENCE weight of the chemical element. This gray scale can be represented by a histogram with a bimodal distribution, which is used to resolve pores from particles through the transformation of the micrograph to a binary image. The histograms for the soils in this study presented an unambiguous minimum in between the two modes of the histograms, and we chose that mathematical minimum as the threshold to separate the pores and the particles. constitute each of the features: the bright pixels are the aggregates, and the dark pixels are the pores. Because our detection limit was already established to be 7 m, we deemed that all of the bright features already constituted an aggregate. Average diameter (D avg ) was measured as the average of 12 directed diameters. The directed diameters are the projections of the pore or aggregate on 12 lines placed every 15Њ around a half-circle, starting with the x-axis as 0Њ. Moving counterclockwise, we measured the projections onto lines at 0, 15, 30, 45, 60, 75, 90, 105, 120, 135, 150 , and 165Њ. D avg was measured in each of the aggregates and pores in the micrographs. As shown in Fig. 2 , the D avg did not have a normal distribution in either the aggregates or in the pores; therefore, we used the median of the D avg as the representative value for the aggregate and/ or pore diameter for each sample. Area (A) and perimeter (P) of pores and aggregates were also measured directly in the micrographs using the same image analysis. The medians of both parameters were used to express size and shape of pores or aggregates. Pore roughness (R) was expressed as P/( D avg ).
Energy dispersive X-ray analysis (EDXA) was used to analyze the cementing material between the aggregates. This technique analyzes the X-ray radiation emanating from the specimen after bombarding it with the electron beam activated with the SEM. The analysis of the X-ray spectrum provides the chemical information for the sample. This chemical information can be selected from specific features or points in the picture and the accuracy is atomic weight dependent (Friel and Greenhut, 1999) .
RESULTS AND DISCUSSION
Soil Pore Size and Geometry
The pore-size distribution of our samples varied greatly from one sample to the other. The change in the distribution of the pores was not caused exclusively by changes in texture, as changes in chemical composition were also important (Table 1 ). Increases in SAR had a considerable influence on the D avg of the soil pores. Figure 3 shows the D avg of the pores for each sample as a function of the SAR. Sodium adsorption ratio affected not only the median pore D avg but also the pore-size distribution. Figure 2 shows the distribution for the totality of the pores (from 20,000 to 40,000) for Soils 1 and 11. We observed distinct differences in pore size aggregate distribution. Soils 1 and 11 were chosen because they have similar particle-size distribution and similar total porosity but very different SAR values. The D avg of the pores also decreased when pH increased (Table 2) .
Another parameter used frequently to describe the pore space is the hydraulic radius (A/P) p , where A and P are the median of the area and perimeter measured in each of the pores of the micrograph . In Table 2 168 LEBRON, SUAREZ, AND SCHAAP SOIL SCIENCE we observe that the hydraulic radius was correlated with sand and silt but was apparently not affected by the chemical composition.
The importance of the pore shape to the hydraulic properties of a soil has been shown by several authors, e.g., Philip (1977) , Reeves and Celia (1996) , and Tuller et al. (1999) . The introduction of shape factors in transport modeling allows for a better description of the system and represents adsorption phenomena and capillary behavior more realistically. One way to express the pore shape is by dividing the area of the pore by the square of the perimeter (A/P 2 ) ( Jongerius and Bisdom, 1981; Norton, 1987; Mason and Morrow, 1991; Tuller et al., 1999) .
In Table 2 we see that the median of the geometry of the pores was correlated only with the roughness, but if we represent the histogram of the pore shape factor A/P 2 (Fig. 4) , we can observe the differences among the types of pore shapes. Figure 4 shows Soils 12 and 14 as an example, but significant differences were observed among the rest of the soils as well (data not shown). We do not have enough information at this point to attribute these changes to differences in particle-size distribution or differences in chemical composition.
To understand why the chemical composition affects the pore-size distribution and possibly the pore shape as well, we must analyze the other component in the soil, the aggregates. From Fig.  1 we see that pores are the spaces enclosed between the aggregates. To quantify and understand the properties of the pores requires an understanding of the mechanisms controlling the stability of the aggregates. 
Aggregate Size and Chemical Composition
The types of minerals present in a soil is a determining factor in the stability of soils (Goldberg and Forster, 1990) . The clay mineral compositions found in both soil populations in this study were mica (di-and trioctahedral), kaolinite, and chlorite as the dominant clay minerals in that order, identified by the d-spacing listed in Fanning et al. (1989) . Calcite and quartz were also detected, but neither smectite nor other swelling minerals were found. No significant changes in the distance between particles are expected since macroscopic swelling is not present in these soils; consequently, pore sizes and shapes are most likely not altered by wetting and drying processes. The organic matter content of the soils ranges from 0.8 to 1.3% of C (g/100g).
The soil samples were selected to study the chemical effects on soil aggregation, and, consequently, independence of chemical and physical properties was needed. There was no direct correlation between EC and texture or between SAR and texture for these samples (Table 2) . There is a linear relationship between the SAR and EC, but this correlation is almost unavoidable in natural soils since values of EC above 5 to 10 dSm Ϫ1 are caused by the accumulation of highly soluble salts, and those salts are generally sodic in origin.
The D avg of the aggregates decreased when the SAR increased (Fig. 3) . Soils 12 and 15, shown in Table 1 , are not shown in Fig. 3 because the different trend shown by these soils is most likely the result of the extremely high sand content. Since the mineralogy, organic matter content, and cementing agents are, in general, very similar for all the soils, we will consider the size of the aggregates as an indication of aggregate stability, similar to traditional aggregate stability tests. The decrease in aggregate size with increasing SAR is in agreement with data in the literature, where it is established that sodium has a deleterious effect on soil aggregate stability. More importantly, when we analyzed the aggregatesize distribution for each of the soils, we found a displacement toward smaller aggregates as SAR increased, similar to the results found for the pore-size distribution (Fig. 2) . Soil 1, with lower sodium content (SARϭ6), had larger aggregates than Soil 11 (SARϭ73). The displacement of the aggregate-size distribution for Soil 1 with respect to Soil 11 is more than 30 m.
Using an expression similar to that for hydraulic radius, we calculated the area divided by the perimeter (A/P) for aggregates. From Table 2 we observe that this parameter was correlated not only with the structural components of the soil, sand, and clay but also with the chemistry. The mechanisms involved in the process are not well understood. We hypothesize that the cementing agents acting as a glue among the quasicrystals are the main cause of aggregate destabilization when we increase the SAR or the pH.
Sodicity has an important role in the dispersion and flocculation of clay particles (Goldberg and Forster, 1990; Hesterberg and Page, 1990; Lebron and Suarez, 1992; Kretzschsmar et al., 1993) , in the rearrangement of the platelets (Shainberg and Otho, 1968; Quirk and Aylmore, 1971; Lebron et al., 1993) , and, consequently, in the hydraulic conductivity (Suarez et al., 1984) . In the presence of elevated concentrations of sodium, the cementing agents that bridge the aggregates weaken their binding capability, and macro aggregates break apart. This breaking of the aggregates releases meso and micro plate-like aggregates that relocate in the pore space, redistributing the pore space into smaller pores.
As we can observe from the data scattering in Fig. 3 , SAR is an important factor, but not the only one, affecting the size of the aggregates. For example, Soil 10 shows exceptionally high D avg for a SAR of 141, indicating that other factors such as the pH and the amount of cementing material in the soils need to be examined. Figure 5 shows a cluster of clay domains. In between the plate-like entities that encompass the aggregate, we observe white crystals, identified with the EDXA probe as of wetting and drying processes that the soil has undergone since its development. The binding capacity of the calcite crystals is expected to change with changing external conditions. Partial pressure of CO 2 , ionic strength, and pH also affect the surface speciation of the carbonate minerals. These chemical species may have a negative, positive, or neutral charge. In addition, dissolution and precipitation processes occur following the wetting and drying cycles. Other ubiquitous cementing materials are organic matter and iron and aluminum oxides, three compounds with different surface chemistries. There are several spectroscopic studies describing changes in the spatial configuration of organic molecules with varying ionic strength, pH, and cation composition (Danielsen et al., 1995 , Green and Blough, 1996 , Engebretson and von Wandruszka, 1998 , but the nature of the interactions of organic matter with soil minerals is not well understood. More studies are needed to analyze the role of cementing agents in the stability of the aggregates. The geometry of the aggregates was correlated with the roughness of the pores (Table 2) . This may have important implications in hydraulic and transport processes. Arya and Paris (1981) presented a physical model of soil porosity based on particle-size distribution. In their model, the relation between the pore radius and particle radius involves an exponent that has subsequently been interpreted through a fractal concept (Tyler and Wheatcraft, 1989) . Haverkamp and Parlange (1986) considered a constant packing parameter that relates pore and particle radii. Equally, the hydraulic parameters used in transport models and pedotransfer functions to predict water and solute transport in soils are very often based exclusively on texture and bulk density.
Pore Space as a Function of Aggregate-Size Distribution
However, pores are the space enclosed between the soil aggregates: the larger the aggregates, the larger the pores, as shown in Fig. 6 . No relationship was found between the pore D avg and texture ( Table 2 ), indicating that it is not the individual particles that determine the pore distribution but the association among the individual particles into highly ordered aggregates that disclose the open space where transport processes occur. Thus we expect that models to determine soil water properties will be more successful when they consider the aggregate and pore-space properties rather than just the texture and porosity. A model based on aggregates and porosity was developed by Rieu and Sposito (1991) . Because the size of the aggregates is a function of the chemical composition, as we have shown above (Fig. 3) , the relationship between the pore space and the chemical composition, is indirect but has immediate consequences in transport phenomena.
We conclude that pore size is determined by aggregate size (Fig. 6 ) and that aggregate size is affected by soil chemistry (Figs. 2 and 3, and Table  2 ). These conclusions are made possible by the use of image analysis and micrographs of soils where the structure has not been disrupted. Future studies will explore the determination of soil water properties using microscopic information combined with models that consider aggregate and pore space rather than models considering texture and porosity.
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